Abstract In this chapter we outline some of the basic understanding of the chemistry that accompanies planet formation. We discuss the basic physical environment which dictates the dominant chemical kinetic pathways for molecule formation. We focus on three zones from both observational and theoretical perspectives: (1) the planet forming midplane and ice/vapor transition zones (snow-lines), (2) the warm disk surface that is shielded from radiation, which can be readily accessed by todays observational facilities, and (3) the surface photodissociation layers where stellar radiation dominates. We end with a discussion of how chemistry influences planet formation along with how to probe the link between formation and ultimate atmospheric composition for gas giants and terrestrial worlds.
Introduction
Today with thousands of planets detected we are embarking on a new era of discovery. Front and center will be the telescope time-consuming task of probing the chemical composition of exoplanetary atmospheres. At the same time, the Atacama Large Millimeter Array (ALMA) has begun operation which has provided the first AU-scale resolved images of planet-forming disks. This has led to a revolution in our understanding of the beginnings of planet formation. One of the fascinating areas to explore in the coming decade is how the final composition of a planet may be influenced by its formation environment. The origin of water on our own planet is a key example, but similar questions exist regarding the disposition of water on Jupiter.
To make these links, high signal-to-noise spectra of exoplanetary atmospheres and the continuing study of the solar system record at all scales are necessary. However, we also need to have fundamental knowledge of how chemistry evolves before, during, and after planetary birth. The focus of this chapter is to provide a baseline for the key chemical processes during the gas-rich stages of planet formation, including recent updates within this fast-moving field.
There have been a number of reviews of disk chemistry over the past decade Henning and Semenov 2013; Dutrey et al. 2014) , and the goal of this chapter is not to provide a complete review of the field. Rather, we aim our discussion towards new researchers in the relevant fields with references that link back to the grounding datasets, laboratory data, and/or theoretical underpinnings. An important aspect of this volume is the discussion of new advances brought about by ALMA, which are still unfolding. Fig. 1 presents a montage of molecular observations made with ALMA towards various disks of different masses, ages, and host stars. One new aspect is the ubiquity of radial structure in the images with differences between species even when observed in the same source (e.g. C 2 H, C 18 O, CN, and N 2 H + are each observed towards TW Hya). This hints at an evolving and rich active chemistry which is responding to physical changes induced in the gas or the dust. , 13 CO (Schwarz et al. 2016) , CN (Teague et al. 2016) , N 2 H + (data from Qi et al. 2013) , DCO + (Öberg et al. 2015) , reproduced with permissions.
The chapter begins by detailing the evolving physical environment (dust/gas density and temperature, radiation field). We then explore disk chemistry within this environment in three sections, in each case providing separate theoretical and ob-servational perspectives. These sections begin with the dense, shielded midplane with a strong focus on snow lines. We then discuss the "warm molecular layer," where the conditions are warm enough such that molecules exist in gaseous form above a frozen midplane (Aikawa et al. 2002) . Finally, we explore the atomic-tomolecular transition at the disk surface itself. We conclude by discussing how the disk composition might relate to overall planetary composition for both rocky and Jovian-like worlds.
The Physical Environment
Decades of protoplanetary disk study have isolated several salient facts regarding the disk physical properties that have strong influence on the resulting chemical composition. In Fig. 2 we show a generalized schematic of the relevant physical processes and their location(s) of influence. Gas Density Distribution: early estimates of the gas density structure relied on a posterior distribution of planetary mass, adjusted by solar elemental abundances relative to hydrogen. This calculation naturally leads to a radial fall-off of the overall gas surface density profile as Σ(R) ∝ R −1.5 , a distribution referred to as the "minimum mass solar nebula" (Hayashi 1981; Weidenschilling 1977) . To achieve consistency with the overall dust spectral energy distribution, modern models of disk evolution balance the effects of the irradiation of the central star dominated by the radiation at the blackbody peak, and that of hydrostatic equilibrium of the heated dust surface (Kenyon and Hartmann 1995; Calvet et al. 1991) . A critical factor in this calculation is the disk viscosity, which is generally captured by the traditional α parameter which relates the turbulent viscosity (ν) to disk motions, ν = αc s /Ω K (Shakura and Syunyaev 1973) . Here c s is the isothermal sound speed and Ω K the Keplerian rotation speed which will vary throughout the disk. Fig.3 presents an ex-ample of a typical observationally motivated gas density structure. More detailed discussion regarding gas disk evolution and observational constraints can be found in the recent review of Bergin and Williams (2017) . Fig. 3 Example disk model for a gas-rich disk around a 1 M star a) with settling (top) and b) without settling (bottom). Left panels are gas density, over-plotted with dust density contours as labeled. Middle panel is gas temperature overlaid with dust temperature contours. Right show the UV flux, overlaid with contours of the X-ray flux.
Dust Density Distribution: Observations of resolved sub-millimeter thermal dust emission continuum maps (e.g. Isella et al. 2009; Andrews et al. 2011) , the overall dust spectral energy distribution (e.g. Furlan et al. 2005) , and scattered light images (e.g. Debes et al. 2013 ) have now established that the dust has at least two major distributions. Small (sub)-micron sized grains, responsible for much of the spectral emissions in the near and mid-infrared and for the absorption of high energy radiation, are dynamically coupled to the gas and have a spatial distribution that is comparable to that of carbon monoxide emission. As grains grow they are subject to differential forces that lead to both settling and radial drift towards gas pressure maxima (i.e. the midplane and the inner disk; Whipple 1973; Weidenschilling and Cuzzi 1993; Dullemond and Dominik 2004) . In the latter case, drift is prevalent for sizes that are large enough to be decoupled from the gas (≥ 1 mm) but small enough that they feel effects of gas pressure (< few km) depending on disk properties and orbital distance (Weidenschilling and Cuzzi 1993) . Correspondingly, larger grains, which carry the disk dust mass have a distribution that is spatially concentrated. In the radial direction the large grains will drift into the inner tens of AU disk or perhaps greater distances, but are smaller than the CO/small grain scattered light disk. In the vertical direction models suggest the grains exist in a very thin (∼ 1 AU) layer (Pinte et al. 2016) . These issues are directly addressed in the chapter by Andrews & Birnstiel.
High-Energy Radiation Field:
The main chemical pathways in dense gas at low temperatures (∼ 10 − 100 K) are through exothermic reactions between ions and neutrals (Herbst and Klemperer 1973) . Thus, the gas-phase chemistry is powered by ionizing sources. For disks there are several important contributors to the overall ionization structure: UV and X-ray radiation (both internal and external) and galactic cosmic rays.
1. Galactic cosmic rays, with an ionization rate in dense gas of ζ H2 ∼ 5 × 10 −17 s −1 (Dalgarno 2006) , have the greatest penetration power, reaching gas at column densities up to Σ CR = 96 g cm −2 as given by Umebayashi and Nakano (1981) (but see updates in Padovani et al. 2009; Cleeves et al. 2013) . Recent work by Cleeves et al. (2013) shows that the lower energy cosmic rays responsible for ionization might be impeded by stellar winds in a similar manner as in our own solar system (Webber 1998) . Winds can reduce the net low energy particle flux by many orders of magnitude, reducing the cosmic ray ionization rate by one or more orders of magnitude (Cleeves et al. 2013 ). 2. X-rays are an important source of deep ionization, while providing a steady productive source of ionization for the disk surface. Young low-mass stars, such as our Sun, are uniformly associated with stellar magnetic activity and active solarlike X-ray generating corona, and perhaps accretion. The X-ray luminosity can vary with median values of ∼ L X ∼ 10 30 s −1 (Güdel 2004) with typical X-ray temperatures of kT X ∼ 1 keV (Preibisch et al. 2005) . Note there is also harder X-ray component with kT X > 3 keV that may be associated with flare activity (Preibisch et al. 2005 ). X-ray photon propagation is governed by photoabsorption due to heavy elements (Morrison and McCammon 1983; Henke et al. 1993) , with scattering of increasing import above 5 keV (Igea and Glassgold 1999) . For reference, normalized to solar abundances, the cross-section per hydrogen at 1 keV is σ 1 keV = 2 × 10 −22 cm −2 while at 5 keV, σ 5 keV = 2 × 10 −24 cm −2 (Morrison and McCammon 1983; Bethell and Bergin 2011a). As a consequence, there is a significant increase in penetration depth with energy (Igea and Glassgold 1999) . Dust growth, settling, and drift can influence the X-ray radiation transfer with a minimum value set by volatile gas-phase absorbers (e.g. H, C, O; Bethell and Bergin 2011a). 3. Ultraviolet Radiation (UV) is dominated by accretion luminosity for low-mass cool stars (color temperatures < 6000 K) and by the stellar photosphere for F stars and above. The typical FUV luminosity for accreting (Classical T Tauri stars) young stars is 10 −3 − 10 −1 L ; stars with little accretion, so called weak line T Tauri stars, have values of L FUV ∼ 10 −6 − 10 −4 L (Yang et al. 2012) . For low mass stars the FUV luminosity has several components: an underlying continuum attributed to the accretion shock (Gullbring et al. 2000) , strong -but absorbed -photospheric Ly α emission (Herczeg et al. 2002; Schindhelm et al. 2012) , lines from highly ionized atoms (Ardia et al. 2013 ), and a forest of H 2 emission lines . Ultraviolet radiation has the smallest penetration depth σ FUV ∼ 10 −3 g cm −2 , but it has a strong dependence on grain evolution as its propagation is governed by smaller 0.1 µm grains that grow and settle to the midplane. Thus, models of UV radiation transfer show that it is highly dependent on the photoabsorption and scattering properties of evolving dust grains (van Zadelhoff et al. 2001) . Of particular importance is the strong Ly α radiation which dominates the FUV field containing 70-90% of the FUV luminosity (Herczeg et al. 2002; Schindhelm et al. 2012 ). Detailed models show that, due to H-atom scattering in the upper layers, Ly α photons have greater penetrating power than the other components of the FUV spectrum (Bethell and Bergin 2011b); this has an imprint on the resulting chemistry (Fogel et al. 2011) .
Temperature: Stellar radiation and heating from accretion dominate the thermal budget of disk systems. Calvet et al. (1991) demonstrated that this heating leads to a temperature inversion on the disk surface where the disk midplane is colder then the surface with the superposition of an overall radial temperature gradient (e.g. Fig. 2 and Fig. 3 ). This temperature profile has direct implications for the overall spectral emissions from dust (Chiang and Goldreich 1997; D'Alessio et al. 1999 D'Alessio et al. , 2001 ) and also gas emission (van Zadelhoff et al. 2001; Aikawa et al. 2002) . From the chemical perspective, the most general consequence is that there will be at least two sublimation fronts, e.g., snowlines, see the Midplane and Molecular Layer sections below. In addition, the evolution of the dust population (settling and drift) will also strongly effect the thermal structure, where a more settled disk tends to be globally warmer ( 
Disk Chemistry by Environment
Below we divide the disk into 3 vertical zones that delineate key chemical transitions in the disk. These are as follows. The disk midplane is defined as the layer with the maximum of the gas density distribution in the vertical direction. With high densities, fast gas-dust collision timescales, and decaying temperatures with distance from the star, this layer is dominated by sublimation fronts and gas/ice transitions in the radial direction. The next vertical zone, the so-called "warm molecular layer" (Aikawa et al. 2002) , is defined by a chemical definition as the layer where the vertical dust temperature exceeds that required for sublimation of CO, the most volatile carrier of an abundant heavy element (∼20 K). The top of this layer is defined by the zone where molecules will be photo-dissociated at τ uv ∼ 1. This layer has an active chemistry with ionizing agents, such as X-rays (and/or cosmic rays), facilitating ionmolecule chemistry in UV-shielded gas. The last vertical zone refers to the stellarirradiation dominated surface and the "atomic-to-molecular transition". This layer is defined by having τ uv ≤ 1 whereupon there is an interplay between molecular dissociation and reformation of predominantly simple molecules with fast formation rates.
Midplane

Theory
The plane that intersects the geometrical center of the disk perpendicular to the rotation axis is referred to as the disk "midplane". The midplane is enhanced in dust that has grown and settled from the surface. In the midplane, the dust can further dynamically evolve and grow and eventually form planetesimals (see Andrews & Birnstiel chapter) . Thus the composition and conditions of the midplane are of particular interest for understanding the initial formation properties of planetesimals. The midplane is relatively cooler and more shielded from radiation compared to the disk surface at a given radius. The temperature in the midplane is regulated by gas accretion close to the star (within one to a few AU), and from reprocessed stellar radiation intercepted by small dust grains in the upper layers of the disk as discussed above. These small dust grains indirectly heat the disk midplane beyond a few AU. The densities are typically sufficiently high such that the gas temperature is equal to that of the dust due to frequent collisions between the two populations.
Of particular importance to the midplane composition are the strong chemical transitions from the ice to vapor, or snowlines. Such locations have been posited as important sites for dust grown or planet formation (e.g., Stevenson and Lunine 1988) . At sufficiently cold temperatures, the gas begins to "freeze-out" onto dust surfaces once the rate of molecules hitting the surface matches the rate of molecules thermally desorbing (sublimating) from the surface. Following the formalism of Hollenbach et al. (2009) , the thermal desorption rate (R td ) per atom or molecule is given by,
Here, ν i = 1.6 × 10 11 (E a,i /k)/(m i /m H ) s −1 is the vibrational frequency of the species in the surface potential well with m i and m h the mass of species i and hydrogen; k is the Boltzmann constant. E a,i is the binding energy of species i to the surface. To determine the sublimation temperature of a molecule from a given surface we balance the desorption rate with the flux of molecules that are absorbing from the gas (F ab ). Thus,
N s equal to number of surface sites available per cm 2 (N s ∼ 10 15 sites cm −2 , for a 0.1 µm grain) and f s,i the fraction of those sites occupied by species i. n i is the space density of species i, v i its thermal velocity, and S is the sticking coefficient which is generally assumed to be unity. Solving for the grain temperature we will determine the sublimation temperature, T sub for a given species:
Because desorption is balanced by the absorbing rate the sublimation temperature (for a given binding energy) will have a dependence on the local gas pressure. In addition, a particular molecule's adsorption energy can additionally depend on the properties of the grain surface. For example, highly polar water increases the binding energy of CO to water ice to a value of E a ∼ 1500 K (Fayolle et al. 2016 ), compared to CO bound to pure CO ice, which has E a = 855 K (Öberg et al. 2009 ). For a pressure of 10 −10 bar, this corresponds to a difference in absolute desorption temperature of 19 K and 26 K, respectively. Figure 4 illustrates the interdependence of gas pressure and dust temperature in setting location of various molecules' snowlines, along with a "typical" midplane temperature profile for a disk around a solar-mass star. Molecules such as H 2 O, CH 3 OH, and NH 3 have the highest E a , and thus tend to remain in the ice phase until the temperatures are very warm. Molecules such as N 2 and CO have smaller E a , and correspondingly they remain in the gas phase for tens of AU in radius for a solar mass star. 
Observations
Most of the midplane gas is observationally "hidden." The temperatures are too low in the outer disk (beyond tens of AU) for most observable species to remain in the gas, while those that do are often so cold the observable transitions are not strongly excited, or are obscured by warmer gas in the surface. In the inner disk, the high column densities present in disks make many observable transitions optically thick, also acting to "hide" midplane gas from our view. Furthermore, dust opacity from settled millimeter grains can act to obscure molecular emission from the midplane itself. One exception is that of 13 C 18 O whose low column density (∼ 30, 000 times less than 12 CO, allows it to be observed down to the midplane inside of its snow line (Zhang et al. 2017 ), see also Figure 5 .
There have been many major observational efforts to isolate the solid-to-gas phase transitions (snowlines) in the midplane. At present, the most observationally accessible snowline is that of CO. This feature is a direct consequence of CO's low E a , and thus the CO snowline occupies tens of AU scales that are more readily observationally accessible than that of, e.g., H 2 O (which will lie within ∼1 AU for a solar type star. The primary tracers of the CO snowline that have been used in the literature include N 2 H + , DCO + , and optically thin isotopologues of CO. N 2 H + : The chemistry of N 2 H + is such that it is rapidly destroyed in the presence of CO. As a consequence, N 2 H + has been historically used as a marker of CO freeze-out in the dense interstellar medium (Charnley 1997; Bergin et al. 2002) . N 2 H + shows a clear ring-like distribution in the TW Hya protoplanetary disk (see Figure 5 ) with an inner radius of ∼ 30 AU. Correspondingly, the Qi et al. (2013) paper interpreted the ring of N 2 H + as a marker of the TW Hya disk's CO snow line, which was also in reasonable agreement with model temperature estimates of the disk at these radii (Qi et al. 2013 . CO Isotopologues: More recently, measurements with ALMA of less abundant (and less optically thick) CO isotopologues found a steep drop off of C 18 O intensity at ∼ 17 − 23 AU, interior to the N 2 H + ring (Schwarz et al. 2016 ). These results were more recently supported by 13 C 18 O observations, which place the column density break at a radius of 20.5 ± 1.3 AU (Zhang et al. 2017 ). The break is attributed to freeze out at the midplane CO snow line. This ∼ 10 AU spatial discrepancy between the N 2 H + transition and the CO transition is in part due to the inescapable nature of the disk temperature gradients, which are not purely radial. Instead, the vertical increase in temperature with height in the disk (see Figure 6 ) causes the region of CO freeze-out to occupy a wedge, with N 2 H + in the simplest case bounding its borders until N 2 freeze-out commences. More detailed modeling of the chemistry (e.g., Aikawa et al. 2015; van't Hoff et al. 2017) shows that the distribution of N 2 H + is complicated by additional factors, including the desorption rates of CO vs. N 2 , CO abundance, and disk ionization.
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Fig. 6 Schematic of the "classical" picture of the relationship between N 2 H + and the CO snow line. N 2 is expected to stay in the gas down to lower temperatures than CO, leading to a layer between the region of CO freeze out and N 2 freeze out where N 2 H + is expected to occupy.
Molecular Layer
Theory
In between the extremes of freeze-out and dissociation by ultraviolet photons, there exists a layer rich in gas-phase molecules, the "warm molecular layer" (Aikawa et al. 2002) . This layer does not have discrete boundaries, but rather contains a mixture of neutral and ionized molecules and more strongly bound ices like water and ammonia. It is shielded sufficiently from strong UV irradiation to not fully destroy newly formed molecules, yet enough UV penetrates to facilitate a rich radical-driven chemistry. Within this layer, the disk transitions from being optically thin to X-rays to becoming thick, and can sustain a rich ion-neutral gas phase chemistry. Simultaneously, the temperatures are becoming cool enough such that molecules adhere to the surface of the cold dust grains (T dust < 50 K) long enough to initiate grain surface chemistry (e.g., Loomis et al. 2015 , for H 2 CO). In terms of building toward molecular complexity, these factors make the warm molecular layer a highly chemically active region in disks. Figure 7 shows typical chemical model abundances for three commonly observed molecules in disks, CO, HCN, and CS, for a disk around a solar mass star (taken from Cleeves 2016). CO is the second most abundant small molecule in the interstellar medium (after H 2 ), which is in part a testament to its robust chemistry. As is shown in the Figure, CO is present in the gas phase for a large radial and vertical portion of the disk. Over time, CO tends to form molecules like CH 3 OH and CO 2 , which have higher binding energies. These molecules freeze-out onto small dust grains removing some amount of CO (see, e.g. Bergin et al. 2014; Furuya and Aikawa 2014; Reboussin et al. 2015) . This behavior produces some of the banded structure in Figure 7 .
All three molecules have a steep abundance drop off in the upper atmosphere, traced by z/r 0.5, corresponding roughly to the τ UV ∼ 1 surface. At the lower bound, the molecules begin to freeze-out. In these particular models, the assumed binding energy of CS is greater than HCN, causing CS to freeze out at higher altitudes than HCN, placing it in a more narrow layer. These illustrative cases demonstrate that the vertical distribution of molecules is very sensitive to the temperature and density gradients, through freeze out and high energy radiation opacity.
The molecular layer is perhaps most strongly subject to (and in some ways, responsible for) the time-evolving chemical effects of dust growth and settling. Icecoating, especially that of water, aids in the probability of grains sticking together upon collision (e.g. Wang et al. 2005) . As grains grow and decouple from the gas, the process of settling naturally displaces volatiles. In the absence of vigorous mixing, the process preferentially removes volatiles from the surface, sequestering the ices into the midplane, where they can further dynamically evolve. As water is a dominant ice constituent both in the interstellar medium, comets, and likely disks (van Dishoeck et al. 2013a) , this process will tend to deplete oxygen to a greater extent than carbon, raising the carbon to oxygen ratio of the gas in the surface. As a result, the gas-phase chemistry will tend toward forming abundant carbon rich molecules (e.g., hydrocarbons and cyanides, see Figure 8 ).
Observations
As this region is rich in gas-phase molecules, most of our observations of the molecular content of disks come from the warm molecular layer. For edge-on disks, the vertical stratification can be directly observed (see Figure 9 ). In addition to CO, a host of additional molecules have been observed in disks. In the submillimeter, detected molecules include: CO, 13 Figure 1 .
Consistent with the picture of time-depletion of oxygen relative to carbon, hydrocarbon rings have been demonstrated to be particularly bright (Kastner et al. 2015; Bergin et al. 2016) . Thus, while the surface layers are undergoing active chemistry, along with volatile depletion, by studying the chemistry of the surface one can begin to learn indirectly about what is locked up, hidden from observations, in the midplane.
Atomic-to-Molecular Transition
Theory
The disk surface is highly exposed to energetic radiation from the star which is dominated by both the stellar far-UV (FUV: 912Å < λ < 2000Å) radiation and X- rays. This surface draws parallels with regions in the dense (> 10 5 cm −3 ) interstellar medium that are irradiated by nearby massive stars, i.e., photodissociation regions or PDRs (Hollenbach and Tielens 1999) . Indeed, early work on chemical modeling of PDRs provide the fundamental physical basis (e.g., through the micro-physics of heating and cooling) for thermal-chemical models of disks (Kamp and Dullemond 2004; Gorti and Hollenbach 2004; Nomura and Millar 2005; Woitke et al. 2009; Du and Bergin 2014; Ádámkovics et al. 2014) .
In interstellar PDRs the strength of the radiation field is generally given in units of the local interstellar radiation field. This is determined by computing the radiation generated by massive stars in the solar vicinity; this has a value estimated to be G 0 = 1.6 ×10 −3 erg cm −2 s −1 (Habing 1968) . A typical UV radiation field of an accreting T Tauri star has a value of G ∼ 500 G 0 at 100 AU (Bergin et al. 2004; Yang et al. 2012 ). The dense (n > 10 6 cm −3 ) disk close to the star thus has warm, T gas ∼ 400 − 1000 K, material in surface layer and a very hot disk photosphere (> 1000 K) with cool (≤ 20 K) very dense material over a hundred AU from the star. This temperature and opacity profile produces important differences in the relative chemical transitions, compared to ISM PDRs, which are illustrated in Fig. 10 and summarized below. Dutrey et al. (2017) . Each of these panels represents the emission seen in a velocity channel corresponding to the number in km s −1 on the top right. The systemic velocity is near 3.7 km s −1 . Clear evidence is seen for rotation as the highest velocities correspond to the inner disk. The horizontal line shows the midplane angle and note the absence of emission from distant disk layers (> 1 ) in the midplane at velocities near 2-3 km s −1 and 4-5 km s −1 . This missing emission is visual evidence for the CO-ice dominated zone. The water transition has two contributors. In the inner disk its formation is dependent on the gas and dust temperatures due to fast neutral-neutral reactions in the gas and potential sublimation of icy grains. Thus the O → H 2 O transition does not solely depend UV optical depth. Beyond a few AU and when the temperature falls below the water ice sublimation point, the fast gas-phase chemistry turns off and water is mostly as ice mediated by UV photodesorption. In the outer (> 100 AU) disk photodesorption can also be important in the CO gas-ice transition when the temperature falls below its sublimation point and UV photons are present. The radial distances on the right ordinate are approximate and depend on the dust density profile and properties, the accretion rate, and the stellar spectral type.
This transition is mediated by the impact of Ly α photons, which dominate the FUV radiation field and the reformation of H 2 onto warm sub-micron sized dust grains in surface layers. A critical facet to understand for this layer, and for molecule formation in this transition zone in general, is the grain-surface formation of H 2 at high dust temperatures Tielens 2002, 2004; Cazaux et al. 2005) .
C II → C → CO: Due to the high density of the inner disk (n 10 7 cm −3 ) this allows for rapid build-up of a CO self-shielding column. Thus the C II → C → CO transition can be commensurate with that of H 2 (Woitke et al. 2009; Najita et al. 2011) . At larger distances from the star (many tens of AU), due to lower gas densities the carbon transition will shift away from H 2 and become more similar to an interstellar PDR. In general, models use parametric descriptions of the CO photodissociation rate that incorporate shielding from CO, H 2 , and dust (Visser et al. 2009) .
Depending the strength of the UV field and gas heating, in the inner disk this transition occurs when H 2 is present. In surface layers the dominant formation mechanism for water vapor is via fast neutral-neutral reactions that rapidly process all free O I into H 2 O when T gas > 400 K (Wagner and Graff 1987; Kaufman and Neufeld 1996) . These reactions can become so fast that they can become competitive with photodestruction and H 2 O can self-shield (Bethell and Bergin 2009). Water has photoabsorption cross-sections that are continuous in the FUV (Yoshino et al. 1996) ; thus water can potentially shield other molecules from the destructive effects of UV in inner few AU (Bethell and Bergin 2009; Ádámkovics et al. 2014) . Once the gas temperature falls below 400 K then the neutral-neutral gas phase pathways turn off. Formation then follows the less efficient ion-molecule pathways linked to H 3 O + and, in layers where T dust < T sub (H 2 O), requires UV photodesorption to release water and OH into the gas (Dominik et al. 2005; Hollenbach et al. 2009 ). The detailed review of the chemistry of water is presented in van Dishoeck et al. (2013a) . Thus there will be a radial transition on the disk surface from hot to cold chemistry where the water abundance drops precipitously by orders of magnitude. The surface transition is nominally distinct from the midplane snowline.
N, S, and metal ions: It is expected that the N to N 2 transition will be similar to that of CO, at least in behavior, as N 2 also can self-shield (Heays et al. 2014) . The case of sulphur is more ambiguous as we have yet to locate the main repository of S in the dense interstellar medium and sulphur appears to mostly be missing from the gas (Druard and Wakelam 2012; Anderson et al. 2013) . A similar statement can be made about heavy metal ions (e.g., Fe II, Si II, Mg II). In the dense ISM these heavy elements appear to be locked in the refractory solid state (Sofia et al. 1994; Maret and Bergin 2007 ) and the expectation is that this would also be the case in the protoplanetary disk. If these species were present in abundance they would be useful in mediating the interaction with the magnetic field (Perez-Becker and Chiang 2011; Ilgner and Nelson 2006). 
Observations
For the H 2 transition space telescopes such as FUSE and the Hubble Space Telescope can observe emission from the Lyman-Werner bands (Herczeg et al. 2002; France et al. 2012) . Some of these emission lines coincide with the stellar Ly α emission and bear information on the true Ly α spectral profile impinging on the disk surface (Herczeg et al. 2002; France et al. 2014) , which is important for models of chemistry (e.g., Fogel et al. 2011 ) and thermal balance (Ádámkovics et al. 2014 ). Both C II and C I have emission lines that are observed via space-based platforms such as Herschel or via ground based observatories (for C I). In general, the detection statistics for C II are quite poor (Howard et al. 2013 ), while C I (Fig. 11) has only been searched for in a handful of systems with moderate success (Tsukagoshi et al. 2015; Kama et al. 2016 ). Low-J CO lines are readily observed, but generically trace deeper layers within the disk surface.
For oxygen, O I has been surveyed with Herschel with a high rate of detection (e.g. Howard et al. 2013 , and references therein). Analysis of the spectrally unresolved emission line shows that it is not clear whether the atomic oxygen emission traces the disk PDR or, in some sources, jets/outflows (Alonso-Martínez et al. 2017). OH and H 2 O have rotational transitions in the mid-infrared and vibrational modes in the near-IR that probe warm (∼few hundred K) surface layers. Rotational line emission have been surveyed using Spitzer (Salyk et al. 2011; Pontoppidan et al. 2011) and vibrational lines via ground-based observatories (Salyk et al. 2008) . Model analyses suggest that this emission is probing the PDR interior to the surface transition ( Fig. 10 with a relatively high water abundance. Lower energy rotational lines emitting in the far-infrared probe gas at larger radii where material has temperatures well below the sublimation temperature of water ice. Thus, in this gas photodesorption is required to release water from grains . A deep survey using Herschel finds that detection rates are fairly low (below 10%) with only two systems (TW Hya shown in Fig.11 and HD100546 ) having detectable emission lines (Du et al. 2017) . This weak emission is interpreted as the result of a reduced water abundance in the photodesorbed gas Du et al. 2017) , but see also Kamp et al. (2013) for caveats regarding disk modeling uncertainties. Going forward, a combination of mid-and far-IR rotational emission can be used to constrain the surface water hot-cold transition (Zhang et al. 2013; Blevins et al. 2016) .
Disk Composition and Planet Formation
Chemistry as a potentially controlling influence on planet formation
The chemistry of the disk does far more than alter the composition of forming protoplanets, it can impact the formation process itself. As discussed in both the midplane and molecular layer theory, ice can impact the growth of grains by altering their sticking efficiency (e.g., Wang et al. 2005) . Correspondingly, the presence of water ice may enhance the rate of dust growth, seeding the initial stages of planet formation. It should be noted that not all ice enhances sticking. Experiments of CO 2 ice, for example, showed that CO 2 and silicate grains had similar collisional behavior in terms of growth and fragmentation (Musiolik et al. 2016a,b) . Thus a fundamental understanding of the disk ice chemistry will be necessary for a complete treatment of dust evolution beyond 1 AU in disks (e.g., Krijt et al. 2016; Stammler et al. 2017) .
The physical properties of the gas, such as viscosity, temperature, turbulence, and ionization fraction, too can impact the growth rate of solids and the later stages of planet formation. The accretion rate of gas onto planets, along with how planets sculpt the disk itself, is related to the disk viscosity. This very viscosity can additional act to mix the disk gas, which can alter its chemical composition by bringing together material from vastly different regions in the disk. As discussed above, the viscosity is often parameterized with α. Typical accretion rates onto the star require high values of α ∼ 0.01 (Hartmann et al. 1998) . For low mass disks, the classical expectation is that magnetic coupling with the weakly ionized disk generates magnetically driven turbulence through the magneto-rotational instability (MRI; Balbus and Hawley 1991), which provides a source of disk viscosity.
There have been substantial efforts to measure the predicted non-Keplerian, nonthermal motions in disks, such as those expected to be introduced by MRI (Simon et al. 2015) using observations of the bulk molecular gas, both unresolved (Hughes et al. 2011 ) and resolved Teague et al. 2016) . So far, highly constraining limits have been placed (e.g., < 3% of the local sound speed in the HD163296 disk; Flaherty et al. 2015) . Such estimates fundamentally depend on temperature, however, and thus caution must be taken when correcting out thermal motions versus turbulent motions (Teague et al. 2016) .
Nonetheless, such limits are an order of magnitude lower than MRI theory would predict, suggesting it is less efficient as a source of viscosity (and mixing) beyond 30 AU than previously thought. One possible explanation is that the disk may be more weakly ionized than expected, such that the gas and the magnetic fields are poorly coupled. Cleeves et al. (2015) used observations of molecular ions in the warm molecular layer to infer the distribution of ionizing sources, and the corresponding net ionization fraction of the TW Hya disk. The distribution of molecular ions was found to be consistent with a low cosmic ray flux, and correspondingly, a low disk ionization fraction such that MRI should be inefficient for most of the disk midplane, out to ∼ 50 − 60 AU. This tension between α and accretion rates onto the star have another potential solution, namely to have the angular momentum carried away instead by magnetohydrodynamic disk winds (e.g. Konigl and Pudritz 2000; Salmeron et al. 2007; Suzuki and Inutsuka 2009; Béthune et al. 2017; Bai et al. 2016) , built off of the earlier seminal work of Blandford and Payne (1982) . However, these winds must not generate turbulence, especially in the upper layers where the observational constraints are most stringent (Simon et al. 2017) . Using a series of shearing box simulations, Simon et al. (2017) investigated which parts of parameter space satisfy both high accretion and maintain a laminar disk state, and found that a net vertical magnetic field threading the disk is crucial to matching both conditions. Going forward, observational constraints on the disk magnetic field through, e.g., the Zeeman effect will help test this actively evolving theoretical picture.
Global disk composition and its connection with gas giant planetary composition
In general, the bulk of planetary gas giant atmospheres are in chemical equilibrium (except in specific instances, e.g.,photochemistry and transport induced quenching Moses 2014) . Thus the particular molecular form of delivery for say carbon (e.g. CH 4 , CO, CO 2 , hydrocarbons) will not matter; for a given pressure-temperature the expectation is that all carbon will reside in CH 4 for cool (< 1000 K) atmospheres or CO for warmer conditions. Thus, if we seek to explore connections between giant planet atmospheric composition with the composition of the gas at formation we must look at elemental pools and target the main gas phase carriers of abundant elements.
The most successful connective tissue in this area relates to the C/O ratio of the gas that changes radially within the disk (Öberg et al. 2011) . Figure 12 illustrates how sublimation alone can change the ratio of carbon to oxygen in the ice versus gas in the midplane with stellar distance for a typical solar mass star. Beyond the CO snowline all the carbon and oxygen is frozen in the dust. Just inside the CO snowline the ratio will be near unity at CO carries the majority of gas phase C and O because water and CO 2 remain frozen as ice (and so on).
In the core accretion picture, the radial position of an accreting protoplanet will determine the carbon to oxygen ratio in the core. For cores that are sufficiently massive to gravitationally capture a gas rich envelope, the carbon to oxygen ratio of the gas will tend to be the inverse of what has frozen out into solids. Since the main phase of gas accretion is rapid (∼ 10 4 yrs; Chapter 6 by D'Angelo and Lissauer) the envelope C/O ratio and elemental abundances will therefore reflect the local conditions at the birth site. This model is simplistic as it neglects additional sources or sink terms including, but not limited to pollution via planetesimal accretion (Pinhas et al. 2016) or mixing due to core ablation (Helled and Guillot 2017) . However, it captures the basic underpinning of the process and motivates the need to determine C/O ratios in both exoplanetary systems and in gas-rich disks. Similar explorations can be considered for nitrogen (Piso et al. 2016) ; however this must be tempered with the difficulty of detecting N 2 (a main nitrogen carrier) in disks and in exoplanet atmospheres.
Of course, the disk is evolving as Fig. 12 presents a snapshot in time. Snowlines will move outwards during early high accretion stages and then move inwards during later stages as the accretion rate falls off and the gaseous disk dissipates (e.g., Hasegawa and Pudritz 2012; Cridland et al. 2016 ). These chemical effects will therefore be distributed radially as a function of the evolutionary state. Furthermore, the ice line itself might present a trap or a favorable site for planet formation which will leave its particular chemical fingerprint (Cridland et al. 2016) . The full interplay is explored in the Chapters by Mordasini and Pudritz, respectively (this volume) .
The other main area to explore connections relies on the overall elemental abundance relative to hydrogen. It is well known that Uranus and Neptune are enriched in ices; however, both Jupiter and Saturn exhibit enhanced abundances of carbon relative to solar (Flasar et al. 2005; Wong et al. 2008 ). In the case of Jupiter these enhancements are mirrored in numerous other elements and do not track solar abundances (Wong et al. 2008) . The origin of these elemental abundance enhancements relative to solar is uncertain and has been attributed to pollution of the envelope via ice-rich planetesimals (Gautier et al. 2001) , early formation during the phase of radial drift (Öberg and Bergin 2016), or perhaps dissipation of nebular hydrogen (Guillot and Hueso 2006) . A key facet of this discussion is the disposition of oxygen in the Jovian planets which is unknown (Helled and Lunine 2014) . For exoplanets, the question of abundance retrieval is complicated and can depend on the analysis but there are now suggestions in the literature for planets that have both superstellar and substellar abundances of C and O (e.g., Lavie et al. 2017; MacDonald and Madhusudhan 2017) . To make connections to bulk abundances we need to trace key elemental carriers of C, O, and N within all phases of the disk lifetime while also having a reliable tracer of the hydrogen mass. The latter point is critical and we refer the reader to a recent review on this topic by Bergin and Williams (2017) .
Global disk composition and its connection with terrestrial planet composition
For terrestrial worlds, in particular for the Earth, drawing connections between the chemical conditions at formation and their composition 4.6 Billion years later has a long history. As discussed above, water is a primary condensible in planetary systems. In the outer solar system Jovian moons and Kuiper Belt Objects often contain a significant amount of their mass as water ice (Grasset et al. 2017 ). In the case of the terrestrial planets, and the inner part of the asteroid belt, the water content is significantly less. The water mass fraction of the Earth has some uncertainty, but even extreme estimates are below 0.1% of the Earth's mass (Mottl et al. 2007 ). Thus it is believed that the terrestrial worlds formed interior to the snowline.
A central question is then how the Earth, and by proxy other extrasolar terrestrial worlds that formed inside their respective water snowlines, received water content (see chapter by Izidoro and Raymond, this volume). This may also be related to the presence of other "volatile elements" such as carbon and nitrogen (and perhaps Sulphur) that are primarily contained in compounds with volatility comparable to or below that of water (e.g. Fig. 4) . Put together there are implications for habitability writ large, and thus an important aspect is to use chemical tracers to probe the potential sources of origin for the volatile elements. Potential source terms include in situ formation via grains with tenuous amounts of water ice, delivery by icy planetesimals (comets) or rocky bodies that contain hydrous and carbonaceous minerals (asteroids), and nebular gas capture (van Dishoeck et al. 2013b) . In this regard we can isolate several lines of inquiry that are major foci of observation, theoretical, and laboratory work including: isotopic ratios and bulk composition. Another useful line of inquiry relates to noble gases which can be used to set constraints on delivery via comets (Marty et al. 2017 ).
Isotopic Ratios and Chemical Fractionation
Due to the Heisenberg Uncertainty Principle a molecule cannot exist at the bottom of the well that defines the potential of the interaction between the disparate atoms (e.g., Tennyson 2011) . The minimum energy is called the zero point en-ergy, which is important for chemistry in cold regions. The ground state vibrational energy of the bond is (1/2)hν B , where ν B is the vibrational frequency of the bond. ν B = (1/2π) k/µ where k is the force constant and µ is the reduced mass (µ = m 1 × m 2 /m 1 + m 2 ) with m 1 and m 1 the mass of the atoms (in the case for a two atom molecule). Because the force constant is invariant, this imprints a 1/ √ µ dependence on the zero-point energy between different isotopic variants, such as H 2 and HD, 12 CO and 13 CO. Thus, the bond is slightly stronger for the isotopically heavy molecule. This energy difference is small, but non-zero.
Of all the stable elements hydrogen has the largest mass/energy difference, with a value of ∼ 420 K (Irikura 2007) . Chemical reactions that occur at temperatures well below this energy difference tend towards the stronger bond. Hence, for a reaction with HD, the D will be preferentially transferred as opposed to the H. This process is called fractionation and it can lead to very strong enhancements of the heavier isotope. In general isotopic enrichments of solar system material may provide a fingerprint that could provide clues regarding the formation environment of Earth's water and volatiles, but more broadly can hint at the origin of these same compounds in the disk or perhaps from the interstellar medium. Hydrogen: The most well-studied isotope ratio pertains to the origins of the D/H ratio of Earth's water. The measured value is given by Vienna Standard Mean Ocean Water (VSMOW) and is D/H=1.5576×10 −4 . The protosolar (hydrogen) value is estimated to be ∼ 2 × 10 −5 (Geiss and Gloeckler 2003) and thus Earth's water has excess deuterium. This facet is true of all measured water in interstellar bodies . The general trend, with some heterogeneity within certain classes of objects (meteorites, Kuiper belt comets), is that the outer solar system has slightly (factor of a few) higher D/H ratios than water in the inner solar system. For a recent compilation of D/H data see Altwegg et al. (2015) .
The ultimate origin of the enhancement relates to this reaction and chemical kinetics (Millar et al. 1989 ):
with ∆E depending on whether the reactant is ortho-or para-H 2 . Below ∼30 K, and in gas where the ortho/para ratio of H 2 is low (Flower et al. 2004) this reaction can produce orders of magnitude enrichments in deuterium containing molecules (e.g. HDO, CH 3 D, etc.) . This requires a source of ionization (either cosmic-rays or Xrays) to initiate. Thus, the high D/H ratios cannot be created at 1 AU, as enriched water would rapidly re-equilibrate to the protosolar value (or slightly higher by a factor of ∼ 3; Lécluse and Robert 1994) . The source of high D/H ratios is thus either the outer disk or the pre-stellar stage , and modern models explore the question of mixing inner and outer solar system material. Oxygen and Nitrogen: The isotopes of oxygen have a much smaller mass difference when compared to hydrogen and kinetic chemical effects at low temperature are minimal (Langer and Graedel 1989) . Thus the discovery of heavy oxygen isotopic enrichments in meteorites was a surprise (Clayton 1993 and is consistent with isotopic ratios measured in Earth and Martian rocks. However, oxygen isotopes in meteoritic material, when plotted in this fashion, display a slope of unity and contain an excess of the heavier oxygen isotopes. This is not consistent with geochemistry and requires a different mechanism, which may provide clues to the origin of water in rocky bodies (Clayton et al. 1973; Clayton 1993; Thiemens 2006) . A potential solution to these anomalies is photochemical self-shielding (Clayton 2002) which has a strong isotopic signature either in the disk (Lyons and Young 2005) or the parent cloud (Lee et al. 2008) . Heavy nitrogen isotopes are also enriched in meteoritic and cometary material (Marty 2012) . Here the potential origin may be linked to N 2 self-shielding (Heays et al. 2014 ) and/or kinetic isotopic effects (Charnley and Rodgers 2002) .
Astrochemical Foundations
As we look towards a future where we have compositional information on terrestrial planet atmospheres beyond our own, we also must explore ways to understand how this composition might relate to conditions at formation. One feasible methodology is to explore bulk chemical composition in terms of the main carriers of C and O (N remains difficult to constrain). Water stands out as a prime tracer as it is the carrier of volatile oxygen (van Dishoeck et al. 2013b) but there is potential to explore links in the carbon inventory as well . However, there are clear challenges as terrestrial worlds likely have substantial sub-surface reservoirs and one must therefore draw concurrent links to mass/radius/density (e.g., Lopez and Fortney 2014) . At this moment we sit on the cusp of great discovery and our understanding of planet formation and its attendant effects on composition is rapidly expanding. Today with ALMA we are constraining the conditions that exist into the giant planet forming zone. With the widely anticipated launch of the James Webb Space Telescope and the new era of large telescopes the terrestrial planet forming zone will come into greater focus. At the same time, with the same instruments, we will be expanding our ability to characterize worlds from super-Earths, to mini-Neptunes, to Neptune-analogs, and finally massive gas giants such as Jupiter. Now is the time where the connective tissue of formation can be explored. First attempts at this summarized in chapters by Mordasini in particular, as well as Pudritz. In this light, the basic astrochemical foundation discussed here remains an essential tool to provide the interpretive framework to understand the origins of planet(esimal) composition.
